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Purpose: The interaction of Porphyromonas gingivalis with commensal streptococci promotes
P. gingivalis colonization of the oral cavity. We previously showed that a synthetic peptide (BAR)
derived from Streptococcus gordonii potently inhibited the formation of P. gingivalis/S. gordonii
biofilms (IC, =1.3 uM) and reduced P. gingivalis virulence in a mouse model of periodontitis.
Thus, BAR represents a novel therapeutic to control periodontitis by limiting P. gingivalis
colonization of the oral cavity. Here, we sought to develop drug-delivery vehicles for poten-
tial use in the oral cavity that comprise BAR-modified poly(lactic-co-glycolic)acid (PLGA)
nanoparticles (NPs).

Methods: PLGA-NPs were initially modified with palmitylated avidin and subsequently
conjugated with biotinylated BAR. The extent of BAR modification was quantified using a
fluorescent-labeled peptide. Inhibition of P. gingivalis adherence to S. gordonii by BAR-modified
NPs was compared with free peptide using a two-species biofilm model.

Results: BAR-modified NPs exhibited an average size of 99429 nm and a more positive
surface charge than unmodified NPs (zeta potentials of =7 mV and —25 mV, respectively).
Binding saturation occurred when 37 nmol BAR/mg of avidin-NPs was used, which resulted
in a payload of 7.42 nmol BAR/mg NPs. BAR-modified NPs bound to P. gingivalis in a
dose-dependent manner and more potently inhibited P. gingivalis/S. gordonii adherence and
biofilm formation relative to an equimolar amount of free peptide (IC,; of 0.2 UM versus
1.3 uM). BAR-modified NPs also disrupted the preformed P. gingivalis/S. gordonii biofilms
more effectively than free peptide. Finally, we demonstrate that BAR-modified NPs pro-
moted multivalent association with P. gingivalis, providing an explanation for the increased
effectiveness of NPs.

Conclusion: These results indicate that BAR-modified NPs deliver a higher local dose of peptide
and may represent a more effective therapeutic approach to limit P. gingivalis colonization of
the oral cavity compared to treatment with formulations of free peptide.

Keywords: nanoparticle, peptide delivery, multivalent, drug delivery, Porphyromonas
gingivalis, periodontal disease

Introduction

The oral cavity is colonized by a complex microbial community that comprises
bacteria, viruses, and fungi.'? Periodontal disease can arise when normal host-microbe
homeostasis is disrupted.’ Porphyromonas gingivalis plays a pivotal role in this process
and has been designated as a “keystone pathogen” that can induce dysbiosis through
manipulation of the host innate immune response, leading to uncontrolled inflammation
and tissue damage.* P. gingivalis has also been associated with systemic illnesses such
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as heart disease™® and rheumatoid arthritis.”® Thus, limiting
P. gingivalis colonization of the oral cavity may represent an
effective approach to both alter the progression of periodontal
inflammation and reduce the levels of systemic inflammation
that constitute a risk factor for systemic conditions associated
with P. gingivalis infection.

Our previous work suggested that adherence of
P. gingivalis to oral streptococci facilitates P. gingivalis
colonization of the oral cavity and showed that adherence
requires a protein—protein interaction between the minor
fimbrial antigen of P. gingivalis and antigen I/II of specific
streptococcal species (eg, Streptococcus gordonii).>'® From
these studies, a synthetic peptide (designated BAR) was
identified that potently inhibited P. gingivalis adherence to
streptococci and the formation of P. gingivalis/S. gordonii
biofilms (50% inhibitory concentration [IC ] =1.3 uM).""*
BAR also significantly reduced P. gingivalis virulence in a
mouse model of periodontitis.!'"!* These results suggest that
BAR may represent a novel therapeutic to limit P. gingivalis
colonization of the oral cavity.

There has been growing interest in the use of engineered
nanoparticles (NPs) as drug-delivery vehicles, nanomedi-
cines, or dental material/devices.'*'> As delivery vehicles,
polymer NPs are attractive options for the delivery of drugs,
proteins, or genetic agents that target cells.'® Their small size
enables more effective barrier penetration and drug accumu-
lation at target sites. Furthermore, relative to hydroxyapatite
and silver NPs that have been used to prevent dental caries
and periodontal disease,'” polymeric NPs function as non-
immunogenic, biologically stable carriers that can encap-
sulate and/or present a wide range of therapeutic agents on
their surfaces. Considering this, the goal of this study was
to increase the localized delivery of BAR by developing
poly(lactic-co-glycolic)acid (PLGA) NPs that are surface-
modified with BAR.

Material and methods

Peptide synthesis

BAR peptide (NH,-LEAAPKKVQDLLKKANITVK
GAFQLFS-COOH) comprises residues 1,167 to 1,193 of
the streptococcal surface protein B (SspB) sequence of
S. gordonii.'? For conjugation with surface-modified avidin-
NPs, BAR was synthesized with biotin covalently attached
to the N-terminus. To quantify BAR density on the NPs
surface, biotinylated-BAR was further modified to contain
6-carboxyfluorescein (Flc) covalently attached to the e-amine
of the lysine residue underlined in the aforementioned
sequence. This peptide was designated BAR-Flc. For adher-
ence inhibition experiments using free peptide, BAR peptide

without biotin or fluorophore modifications was utilized. All
peptides were synthesized by BioSynthesis, Inc. (Lewisville,
TX, USA).

Growth of bacterial strains

P. gingivalis ATCC33277 was grown in Trypticase soy broth
(Difco Laboratories Inc., Livonia, MI, USA) supplemented
with 0.5% (w/v) yeast extract, 1 pg/mL menadione, and
5 ug/mL hemin. The medium was reduced for 24 h under
anaerobic conditions (10% CO,, 10% H,, and 80% N,) and
P. gingivalis was subsequently inoculated and grown anaero-
bically for 48 hat 37°C. S. gordonii DL-1 was cultured aero-
bically without shaking in brain—heart infusion broth (Difco
Laboratories Inc.) supplemented with 1% yeast extract for
16 h at 37°C.

Synthesis of avidin-palmitate

NPs were initially conjugated with avidin-palmitate as previ-
ously described."®?° Briefly, 10 mg of avidin was dissolved
in 1.2 mL of 2% (w/v) sodium deoxycholate (NaDC) in
PBS and warmed to 37°C. A 1 mg/mL palmitic acid-N-
hydroxysuccinimide ester (PA-NHS; Sigma-Aldrich, St
Louis, MO, USA) solution was prepared in 2% (w/v) NaDC
and sonicated until well-mixed. Eight hundred microliters of
the PA-NHS solution was added in drops to the reaction vial
containing avidin and allowed to react overnight at 37°C. The
reaction solution was then dialyzed in 1,200 mL of 0.15%
(w/v) NaDC in PBS at 37°C using a 3,500 molecular weight
cut-off dialysis tube to remove free PA-NHS. After overnight
dialysis at 37°C, avidin-palmitate was transferred to a storage
vial and stored at 4°C until use.

Nanoparticle synthesis

Unmodified and surface-modified NPs encapsulating the
fluorescent dye Coumarin 6 (C6) were synthesized for bind-
ing studies. C6-containing NPs were synthesized using an
oil-in-water (o/w) single-emulsion technique.'”?' Briefly,
C6 was encapsulated in 50-200 mg PLGA carboxyl-
terminated polymer (0.55-0.75 dL/g; LACTEL®; DURECT
Corporation, Cupertino, CA, USA). C6 was dissolved in
200 uL dichloromethane (DCM) overnight at a concentration
of 15 ug/mg PLGA. In parallel, 50 mg of PLGA crystals was
dissolved in 2 mL of DCM overnight. The following day, the
PLGA/DCM solution was vortexed while adding C6 DCM
solution and was subsequently sonicated to attain a uniform
suspension. Next, 2 mL of 5% (w/v) polyvinyl alcohol (PVA)
in deionized water (diH,0) was mixed with 2 mL of 5 mg/
mL avidin-palmitate to obtain a homogeneous suspension.
Two milliliters of the PLGA/DCM/C6 solution was added in
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drops to the PV A/avidin-palmitate suspension with vortexing
and subsequent sonication. Residual DCM was evaporated
by adding the NPs solution to 50 mL of 0.3% PVA for 3 h
while mixing. After solvent evaporation, the NPs solution
was transferred to tubes and centrifuged at 13,000 rpm at
4°C and washed with PBS. The density of avidin on the NPs
surface was determined using micro BCA assay (Thermo
Fisher Scientific, Waltham, MA, USA). From the density
of avidin incorporation and previous work suggesting that
some avidin binding sites may be sterically blocked,'3*' we
estimated that 18.5 nmol BAR/mg NPs represented a three-
fold molar excess of peptide. Thus, for BAR conjugation,
NPs were suspended in 9 mL of diH,O and incubated with
18.5 nmol biotinylated-BAR/mg NPs in PBS for 30 min on
a benchtop rotator. After conjugation, NPs were centrifuged
at 13,000 rpm and washed three times with 20 mL diH,O to
remove unbound peptides. NPs were then suspended in 9 mL
of diH,O, frozen at —80°C for 3 h, lyophilized, and stored
at —20°C. Unmodified C6 NPs were prepared similarly;
however, 5% (w/v) PVA alone was added instead of PVA/
avidin-palmitate solution.

Quantification of BAR payload

on the NPs surface

To quantify and maximize the BAR payload of NPs, BAR-
Flc was used to measure the density of peptide on the NPs
surface. Avidin-NPs (5 mg) were mixed with increasing
amounts (18.5-111.2 nmol/mg NPs) of BAR-Flc in 1 mL
PBS for 45 min on a rocker platform in the dark. After conju-
gation, NPs were washed twice with diH,O and were frozen,
lyophilized, and stored at —20°C. NPs from each sample were
then suspended in 1x PBS to create a 1 mg/mL NPs solution,
and the resulting samples were transferred to a microtiter
plate in triplicate. Total NP-associated fluorescence was
determined using a Victor3 multilabel spectrophotometer,
and peptide quantity was determined from a standard curve
of known BAR-Flc concentrations.

NPs characterization

Particle size and morphology were determined using scan-
ning electron microscopy (SEM). Dry NPs were mounted
on carbon tape and sputter coated with gold under vacuum.
Average particle diameter and size distribution were deter-
mined from SEM images of at least 400 particles per batch
using “Imagel]” image analysis software (version 1.5a,
imagelJ.nih.gov). Zeta potential and dynamic light scattering
were measured with a Zetasizer Nano ZS (Malvern Instru-
ments, Malvern, UK) in diH,O to determine particle charge
and hydrated diameter.

Binding of BAR-modified NPs

to P. gingivalis

Adherence to P. gingivalis cells was measured using BAR-
modified NPs that encapsulated C6. P. gingivalis cells were
washed with PBS and adjusted to a final optical density
of 0.4 at 600 nm (OD,
of P. gingivalis cells were mixed with increasing amounts
(1-10 pg) of BAR-modified C6 NPs for 60 min on a
rocker platform in the dark. Negative controls consisted of

). Subsequently, 1 mL aliquots

P. gingivalis incubated with unmodified or avidin-modified
C6 NPs and BAR-modified C6 NPs incubated in buffer
without P. gingivalis to evaluate nonspecific binding. After
incubation, samples were centrifuged at 5,600 rpm for 5 min,
the cell pellets were suspended in 1x PBS, and cell-associated
fluorescence was measured at 488 nm.

BAR-modified NPs inhibition

of P. gingivalis/S. gordonii adherence

S. gordonii DL-1 cultures (10 mL) were harvested by cen-
trifugation at 5,600 rpm and suspended in 1 mL PBS. Cells
were labeled with 20 UL of 10 mM hexidium iodide (Thermo
Fisher Scientific) for 15 min in the dark, centrifuged at 5,600
rpm for 5 min, and washed with PBS. For all experiments, the
0D, . of S. gordonii cells was adjusted to 0.8, and 1 mL
of the cell suspension was added to each well of a 12-well
microtiter plate containing a glass coverslip. S. gordonii
cells were incubated for 24 h under anaerobic conditions on
arocker platform in the dark to facilitate S. gordonii binding
to the coverslip.

Similarly, P. gingivalis cultures (10 mL) were harvested
as mentioned earlier, labeled with 20 UL of 4 mg/mL car-
boxyfluorescein—succinylester (Thermo Fisher Scientific)
in the dark, and washed with PBS. For adherence inhibition
assays, the OD,, was adjusted to 0.8 and the P. gingivalis
cell suspension was subsequently diluted with an equal
volume of an appropriate BAR-modified NPs suspension or
free BAR peptide to generate a final OD,  of 0.4. BAR-
modified NPs or free BAR was preincubated with labeled
P. gingivalis cells at BAR peptide concentrations ranging
from 0 to 1.7 uM at 25°C for 30 min before transferring to
wells containing S. gordonii. The plates were then incubated
for 24 h at 25°C under anaerobic conditions in the dark.
Following incubation, the supernatant was removed and
cells were washed with pre-reduced PBS to remove non-
adherent and loosely bound bacteria. Adhered cells were
fixed with 4% (w/v) paraformaldehyde and the cover glass
was mounted on a glass slide. P. gingivalis-S. gordonii bio-
films were visualized using an Olympus FluoView confocal
laser scanning microscope (Olympus Corp., Center Valley,
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PA, USA) under 60x magnification. An argon or HeNe(G)
laser was used to visualize fluorescein-labeled and hexidium
iodide-labeled P. gingivalis and S. gordonii cells, respec-
tively. Z-stack images of the biofilms were obtained from
30 randomly chosen frames using FluoView 500 Software
(Olympus Corp., Center Valley, PA, USA) using a z-step
size of 0.7 um. Images were analyzed with Volocity image
analysis software (version 6.3; Perkin Elmer, Waltham, MA,
USA) to determine the ratio of green to red fluorescence
(GR). Each peptide concentration was analyzed in tripli-
cate and three independent frames were measured for each
well. The mean and variation (SD) between samples were
determined using analysis of variance (ANOVA) and dif-
ferences were considered to be statistically significant when
P<0.05. Percent inhibition of P. gingivalis adherence was
calculated with the following formula: 1 — GR sample/GR
control. For some experiments, P. gingivalis was allowed
to adhere to immobilized streptococci in the absence of

peptide inhibitor to demonstrate the ability of BAR-modified
NPs to disrupt pre-established biofilms. The resulting
P. gingivalis/S. gordonii biofilms were then treated for 1-3 h
with BAR or BAR-modified NPs at various concentrations
and processed and analyzed as described earlier.

Results

Nanoparticle characterization

Previous studies demonstrated the utility of coupling peptides
to NPs surfaces via avidin—biotin ligands.'** In this study, we
synthesized unmodified, avidin-modified, and BAR-modified
NPs and determined the overall NPs size distribution for
each sample (Figure 1). The size distribution of unhydrated
modified NPs trended smaller than unmodified NPs, but the
average diameters of unmodified, avidin-modified, and BAR-
modified NPs calculated from SEM images (134428 nm,
107425 nm, and 99429 nm, respectively; Table 1) were not
statistically significant (P>0.05). As expected, the diameters
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Figure | Size distribution of unhydrated, unmodified PLGA NPs (A), avidin-modified NPs (B), and avidin-NPs that were subsequently conjugated with BAR peptide (C).

Abbreviations: NPs, nanoparticles; PLGA, poly(lactic-co-glycolic)acid.
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Table | Physical characterization of NPs

NPs type Unhydrated Hydrated Zeta potential
diameter (hnm) diameter (hnm) (mYV)
Unmodified 134+28 298+13 -25£1.6
Avidin-modified 107425 31714 -9+0.5
BAR-modified 99429 329+10 —7£1.3

Abbreviation: NPs, nanoparticles.

of the hydrated NPs were greater than the unhydrated NPs
and did not differ significantly among the samples. The aver-
age hydrodynamic diameters determined for unmodified,
avidin-modified, and BAR-modified NPs were 298+13 nm,
31744 nm, and 329%10 nm, respectively (Table 1). In addi-
tion, no change was observed in the texture or morphology
of NPs after conjugation with BAR (not shown). Finally,
as shown in Table 1, unmodified NPs exhibited a negative
surface charge of —25+1.6 mV, and the addition of positively
charged avidin, or avidin and BAR to the NPs surface resulted
in significantly greater positive zeta potentials (—9+£0.5 mV
and —7£1.3 mV, respectively; P<<0.01), confirming avidin
or avidin-BAR conjugation to the NPs surface.

Quantification of the total BAR payload
of BAR-modified NPs

The avidin content of avidin-NPs was determined to be
3.1 nmol/mg NPs. This was similar to the total amount added
to the NPs synthesis reaction (3.0 nmol/mg NPs), indicating
that 100% of the input avidin was incorporated on the NPs
surface. For avidin-NPs that were subsequently conjugated
with biotinylated-BAR, the peptide payload was determined
by incubating avidin-NPs with BAR-Flc and quantifying NP-
bound fluorescence. As shown in Figure 2A, the incorporation
of BAR-Flc on avidin-NPs directly correlated with the input
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concentration of BAR-Flc, and saturation occurred at an
input concentration of 37.1 nmol/mg NPs. Mean fluorescence
values did not significantly increase at higher input concen-
trations of BAR-Flc (Figure 2A). At saturation, 7.42 nmol
of BAR-Flc was incorporated per milligram of avidin-NPs.
Avidin has four binding sites, and with 3 nmol avidin incorpo-
rated per milligram NPs, a potential 12 nmol BAR-Flc could
bind per milligram of NPs if all avidin sites were occupied.
Our results suggest that only 62% of the avidin sites (7.42 of
12) were available for interaction with BAR-Flc.

Binding of BAR-modified NPs

to P. gingivalis and inhibition of P. gingivalis/
S. gordonii biofilm development

To determine whether the peptide presented by BAR-
modified NPs was capable of interacting with P. gingivalis,
bacterial cells were incubated with BAR-modified NPs
encapsulating the fluorophore C6. As shown in Figure 2B,
BAR-modified NPs bound to P. gingivalis cells in a specific
and dose-dependent manner, indicating that immobilizing
BAR on the NPs surface did not affect its interaction with
the minor fimbrial antigen of P. gingivalis. Next, to deter-
mine whether BAR-modified NPs competitively inhibit
P. gingivalis adherence to streptococci and prevent biofilm
formation, P. gingivalis/S. gordonii biofilms were formed in
the presence of increasing amounts of peptide (0.3—1.7 uM)
delivered either by BAR-modified NPs or by supplying molar
equivalents of free BAR peptide. Representative images of
biofilms formed in the presence of BAR-modified NPs or sol-
uble BAR are shown in Figure 3. As shown, BAR-modified
NPs more potently inhibited P. gingivalis (green) biofilm
formation with S. gordonii (red) than molar equivalents of
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10,000 1
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4,000 A
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2,000 A1
0

o 2 4 6 8 10 12
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Figure 2 (A) The total payload of BAR peptide bound to the surface of avidin-NPs was determined by incubating avidin-NPs with increasing concentrations of BAR-Flc and
measuring the NP-associated fluorescence. Binding saturation occurred at an input peptide concentration of 37.1 nmol/mg NPs. Under these conditions, BAR-modified NPs
contained 7.42 nmol of BAR/mg NPs. (B) BAR-modified NPs interact with the P. gingivalis cell surface in a dose-dependent manner. Intact P. gingivalis cells were incubated with
various amounts of BAR-modified NPs that encapsulated the fluorescent dye Cé. Cell-associated fluorescence was then measured after washing to remove unbound NPs.
Abbreviations: NPs, nanoparticles; Flc, 6-carboxyfluorescein; P. gingivalis, Porphyromonas gingivalis; Cé, Coumarin 6.
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Control

BAR

BAR-NPs

Figure 3 BAR and BAR-modified NPs inhibit P. gingivalis adherence to S. gordonii and subsequent biofilm formation. Two-species biofilms were formed in the presence of
0.3—1.7 uM BAR associated with NPs or an equimolar amount of soluble BAR peptide. The resulting biofilms were visualized by confocal laser scanning microscopy and
the ratio of green (P. gingivalis) to red (S. gordonii) fluorescence in Z-stack images was determined using Volocity image analysis software. The blocks shown in each image

represent 21.3 uM.

Abbreviations: NPs, nanoparticles; P. gingivalis, Porphyromonas gingivalis; S. gordonii, Streptococcus gordonii.

free BAR peptide across all of the peptide concentrations
that were tested. As shown in Figure 4, the IC, for free
BAR peptide was approximately 1.3 uM, consistent with
the value originally reported by Daep et al.!' In contrast,
the IC_ for inhibition of adherence by BAR-modified NPs
was approximately 0.2 uM, which is 6.5-fold lower than the
free BAR peptide. This result indicates that BAR-modified
NPs are a significantly more potent inhibitor of P. gingivalis
adherence to streptococci and subsequent biofilm formation
than free peptide.

100 | | = BAR - BAR-NPs

80

60

Percent inhibition of
P. gingivalis adherence

0 0.5 1 15 2
BAR concentration (M)

Figure 4 The inhibition profiles of BAR-modified NPs and free peptide indicate that
BAR-modified NPs are 6.5-fold more potent in blocking the adherence of P. gingivalis
to S. gordonii than soluble BAR.

Abbreviations: NPs, nanoparticles; P. gingivalis, Porphyromonas gingivalis; S. gordonii,
Streptococcus gordonii.

BAR-modified NPs promote multivalent
association with P. gingivalis

To determine whether the increase in potency exhibited by
BAR-modified NPs could be explained by increased valency
ofthe BAR/P. gingivalis interaction, four independent prepa-
rations of BAR-modified NPs were synthesized in parallel
that contained BAR payloads of 5.7, 2.9, 1.5, or 1.2 ug
peptide/mg NPs. Each preparation was tested for inhibition
of P. gingivalis adherence to S. gordonii using a range of
final BAR peptide concentrations of 0.3, 0.7, 1.3, 2.0, and
2.5 UM. As shown in Figure 5 and as summarized in Table 2,
P. gingivalis adhered efficiently to S. gordonii in the PBS
and avidin-NPs controls, indicating that NPs without BAR
have no effect on P. gingivalis adherence to streptococci
and subsequent biofilm formation. In contrast, P. gingivalis
adherence was significantly reduced in the presence of
BAR-modified NPs. As expected, inhibition of P. gingivalis
adherence increased as the molar equivalent of BAR peptide
delivered by each NPs preparation was increased (compare
vertical columns for each NPs preparation in Figure 5 and
Table 2). Moreover, as the density of BAR peptide on the
NPs surface decreased from 5.7 to 1.2 ug peptide/mg NPs,
inhibition of P. gingivalis adherence also decreased even
though the final peptide concentration delivered by each NPs
preparation was the same. This indicates that the potency of
biofilm inhibition increases as a function of BAR peptide
density contained on the NPs surface and suggests that
BAR-modified NPs may promote multivalent association
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PBS

5.7 yg BAR/mg NPs 2.9 ug BAR/mg NPs

Avidin-NPs

1.5 yg BAR/mg NPs 1.2 uyg BAR/mg NPs

0.7 M 0.7 uM

0.3 uM 0.3 uM

Figure 5 BAR-modified NPs promote multivalent interaction with P. gingivalis. Four independent preparations of BAR-modified NPs were synthesized that contained 5.7,
2.9, 1.5, and 1.2 pg BAR/mg NPs. Each preparation was tested for inhibition of P. gingivalis/S. gordonii biofilm formation by adding an appropriate amount of BAR-modified
NPs to deliver a final peptide concentration of 0.3, 0.7, 1.3, 2.0, or 2.5 tM to the reaction mixture. For each preparation of NPs, inhibition of biofilm formation increased as
a function of the final concentration of peptide delivered (see vertical columns). In addition, as shown in the horizontal rows, inhibition of biofilm formation increased as the
total payload of BAR peptide present in NPs preparations increased, and this occurred for each of the final peptide concentrations that were tested.

Abbreviations: NPs, nanoparticles; PBS, phosphate-buffered saline; P. gingivalis, Porphyromonas gingivalis; S. gordonii, Streptococcus gordonii.

with P. gingivalis, increasing the avidity of the interaction
and the effectiveness of the peptide.

BAR-modified NPs disrupt existing

P. gingivalis/S. gordonii biofilms

As described in the “Materials and methods” section, our
main approach to assess the activity of BAR involved

Table 2 Percent inhibition of P. gingivalis adherence as a function
of BAR payload

BAR (uM) BAR payload (ug/mg NPs)

5.7 2.9 1.5 1.2
2.5 95.312.6 81.7£1.5 68.4t1.8 59.0+3.3
2.0 92.947.3 78.1+4.7 65.915.5 52.743.1
1.3 89.613.5 75.1£5.0 63.7£3.6 43.847.2
0.7 62.412.3 40.0£7.1 40.7+8.4 17.3£8.7
0.3 32.1+6.8 29.5+7.4 25.3+9.8 14.1£11.3

Note: Data are presented as mean * SD.
Abbreviation: NPs, nanoparticles.

using the peptide as a competitive inhibitor of P. gingivalis
adherence to streptococci, an essential first step in biofilm
formation. To determine whether BAR peptide is capable
of disrupting a preexisting P. gingivalis/S. gordonii biofilm,
dual species biofilms were formed in PBS in the absence
of peptide inhibitor and were subsequently incubated for
various time periods with peptide or BAR-modified NPs.
As shown in Table 3, incubation of P. gingivalis/S. gordonii
biofilms with free peptide at a concentration of 3.0 uM did
not disrupt the biofilm until the exposure time was increased
to 3 h. Since BAR-modified NPs more potently inhibited the

Table 3 Disruption of existing biofilms by BAR (3.0 uM)

Exposure time (h) Percent decrease

| 8.717.9
2 6.1£3.9
3 54.613.3

Note: Data are presented as mean + SD.
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PBS

BAR-NPs (0.3 pM)

BAR-NPs (1.7 uM)

BAR (3.0 uM)

BAR-NPs (3.0 uM)

Figure 6 Disruption of existing P. gingivalis/S. gordonii biofilms by BAR peptide and BAR-modified NPs. Two-species biofilms were formed and were subsequently incubated
for | h with PBS or with PBS containing either free BAR peptide (3.0 uM) or BAR-modified NPs that delivered a final concentration of peptide of 0.3, 1.7, or 3.0 uM. Under
these conditions, free peptide did not disrupt the dual-species biofilm. In contrast, a dose-dependent reduction of biofilm was observed with increasing peptide concentration

delivered by BAR-modified NPs.

Abbreviations: NPs, nanoparticles; PBS, phosphate-buffered saline; P. gingivalis, Porphyromonas gingivalis; S. gordonii, Streptococcus gordonii.

adherence of P. gingivalis relative to free peptide, we next
tested the activity of BAR-modified NPs against preexisting
P. gingivalis/S. gordonii biofilms. As shown in Figure 6 and
as summarized in Table 4, BAR-modified NPs disrupted
established dual species biofilms in a dose-dependent manner
under conditions where free BAR peptide exhibited little
activity. Together with the earlier results, this indicates
that BAR peptide delivered by surface-modified NPs more
potently prevents P. gingivalis adherence to streptococci and
also disrupts established biofilms, suggesting that surface-
modified NPs may represent an attractive delivery vehicle to
limit P. gingivalis colonization of the oral cavity.

Discussion

Previous studies have shown that P. gingivalis interacts
with primary colonizing organisms such as S. gordonii***
and that this interaction may be an initial event that facili-
tates P. gingivalis colonization of the oral cavity. As such,
it represents an ideal target for therapeutic intervention to
limit P. gingivalis colonization. Indeed, our previous work
showed that BAR peptide prevents P. gingivalis adherence

Table 4 Disruption of existing biofilms after | h of exposure to
BAR-modified NPs

Peptide Concentration (UM) Percent decrease
BAR 3.0 5.145.0
BAR-NPs 0.3 4.0£5.2

1.7 27.145.8

3.0 59.3+4.6

Abbreviation: NPs, nanoparticles.

to S. gordonii and reduced maxillary alveolar bone loss in
mice when the peptide was administered simultaneously
with P. gingivalis infection.'>!* However, our current results
suggest that free BAR is less effective in disrupting estab-
lished P. gingivalis/S. gordonii biofilms (50% inhibition at
3.0 uM) than preventing initial adherence of P. gingivalis
to streptococci (50% inhibition at 1.3 uM). This represents
a potential limitation in developing BAR as a therapeutic
targeting P. gingivalis. One approach to address this problem
is to increase the efficacy of the peptide by delivering BAR
at higher localized concentration. In this study, this was
accomplished using a reproducible and rapid preparation to
synthesize BAR-modified NPs.

Previous studies demonstrated that avidin-biotin ligand
conjugation provides one of the strongest non-covalent
bonds, while offering a flexible, tunable, and efficient method
to conjugate and alter ligand density on the NPs surface. '8!
Here, we produced spherical NPs with zeta potential values
for unmodified (—25 mV) and BAR-modified NPs (=7 mV)
that are consistent with other avidin-NPs studies.!®* Since
unmodified NPs have a negative surface charge, this differ-
ence can be attributed to the successful conjugation of posi-
tively charged avidin and BAR peptide to the NPs surface.
In addition to confirming successful conjugation, the more
positive surface charge exhibited by avidin-NPs and BAR-
modified NPs may also facilitate electrostatic interactions of
NPs with negatively charged moieties on the P. gingivalis
cell surface.

To increase the local delivery of BAR, it is important to
formulate NPs that contain maximal levels of the peptide.
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Although 100% of the input avidin was incorporated on the
surface of NPs, only 62% of the avidin binding sites were
available for interaction with BAR. A possible explanation
for this is that the four biotin binding sites of avidin are in
close proximity to each other and to the NPs surface, which
may lead to steric hindrance. Nonetheless, BAR-modified
NPs more potently inhibited P. gingivalis adherence to
S. gordonii at all concentrations tested and exhibited a sig-

nificantly lower IC_ , relative to free BAR. This suggests that

50°
BAR-modified NPs may promote multivalent interaction
with P. gingivalis, and our experimental evidence is consis-
tent with this. Previous studies have demonstrated the utility
of multivalency in a variety of biological systems to confer
stronger and enhanced binding by enhancing the affinity
(avidity) for a given target and decreasing the dissociation
rate from that target.>** These concepts have been applied
to the design of pharmaceutical agents and drug-delivery
vehicles to significantly improve the therapeutic potential
of active agents in a variety of applications.?** Similar to
other studies reporting that NPs can increase drug efficacy
by promoting a multivalent binding interface,>3%* it is likely
that BAR-modified NPs exhibit a similar mechanism leading
to increased efficacy. To further enhance multivalent inter-
actions, future studies will focus on developing alternative
approaches to enhance payload and efficacy, by increasing
avidin modification in combination with increasing peptide
concentrations. For example, while we achieved 100% avi-
din incorporation on the NPs surface, it is possible that the
density of biotinylated-BAR may be enhanced by increasing
the avidin content of NPs. In addition, other surface chem-
istries may increase the number of ligands incorporated on
the NPs surface. From these formulations, we can determine
if a “threshold” density of BAR exists that leads to maximal
efficacy of BAR-modified NPs.

It is also important to identify the roles that ligand num-
ber and ligand type play in multivalent interactions between
NP-ligands and a targeted receptor. Although the current
approach did not provide comprehensive information about
the binding kinetics of BAR-modified NPs, this study impacts
real-world biopharmaceutical development by providing a
theoretical framework for designing NPs that may be better
suited for targeting other microorganisms in oral biofilms.
Clearly, the etiology of periodontal disease is complex,’
and although recent evidence suggests that P. gingivalis may
play an essential role in altering host-microbe homeostasis,?
other pathogens or pathogen interactions may have a signifi-
cant impact on disease progression. Therefore, while these
delivery approaches have been initially applied to target

BAR to P. gingivalis, NPs that target multiple organisms
could be achieved by comodifying the surface of NPs with
several other antimicrobial agents targeting other bacteria
in the oral cavity. It is possible that these NPs may facilitate
the formulation of products such as an oral rinse or varnish
to combat oral disease, but a limitation of this approach is
that such products are only transiently applied in the oral
cavity. Our work suggests that BAR-modified NPs represent
one mechanism to deliver a high local dose of the inhibitory
peptide to the oral cavity. In addition, we are currently devel-
oping NPs that encapsulate BAR and release peptide over a
sustained period of time. We envision that sustained release
NPs can be further comodified with cell surface adhesive
proteins that adhere to streptococci in order to produce NPs
that exhibit increased retention time and that deliver BAR
to the same niche in the oral microbiome that P. gingivalis
seeks to occupy. In summary, we have developed a reliable
and well-defined method for modifying NPs with inhibitory
peptides, and our results suggest that nanotechnology can be
efficiently used to target specific oral organisms and combat
oral diseases.

Conclusion

Our results indicate that BAR-modified NPs deliver a higher
local dose of peptide and promote multivalent interaction
with P. gingivalis. BAR-modified NPs may represent a
more effective therapeutic approach to limit P. gingivalis
colonization of the oral cavity than treatment with formula-
tions of free peptide.
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